Abstract: A compound plasmonic light analyzer with an elliptical Archimedean spiral nanostructure is proposed analytically and analyzed numerically. The elliptical Archimedean spiral is analogous to an ellipse but has varying semimajor axes. When the structure is illuminated by the incident light with different angular momentum, surface plasmon polaritons (SPPs) are excited, and various plasmonic vortexes indicating the angular momentum of the light are generated. Incident light with different spin angular momentum can create plasmonic vortexes centered at different points, and the orbital angular momentum of light determines the size of the vortex, which manifests its topological charge. Thus, both spin and orbital angular momentum states of the incident light can be estimated simultaneously by observing the position and the size of the plasmonic vortex. We provide an analytical description of the structure and it is well consistent with the finite-difference time-domain (FDTD) numerical simulation results. This plasmonic light analyzer may provide various potential applications in nanophotonics device and optical information technology.
Introduction
Angular momentum of light expresses the amount of dynamical rotation contained in the electromagnetic field of the light. It consists of two distinct forms of rotation including the spin angular momentum (SAM, represented by s = ±1 in the unit of ), which is associated with polarization and the orbit angular momentum (OAM, represented by l in the unit of and takes integer as its value) which corresponds to spatial phase distribution [1] , [2] . With the utilization of both SAM and OAM states of light, the degree of freedom in light is enlarged. Thus, analyzing the angular momentum of light has aroused considerable attention, especially with its application in optical communication technology [3] , [4] .
Surface plasmon polaritons (SPPs) serve as a suitable candidate for photon angular momentum identification in nanoscale because of its ability to overcome the diffraction limit [5] . Archimedean spiral groove on metal surface is one of the SPPs excitation structures [6] , [7] . It possesses the ability to distinguish the total value (s + l ) of SAM [8] - [10] and OAM [11] - [13] of the incident light by generating plasmonic vortex of different size at the center of the spiral. However, the coupling of SAM and OAM in Archimedean spiral structure hampers its ability to measure the separate values of the two [11] , and thus further applications of this structure are limited. In addition, methods that analyze the SAM separately are often regarded as the optical spin-Hall effect (OSHE). The OSHE has been demonstrated in various cases [14] - [16] , including a design of plasmonic-based elliptical structure [16] . Here, a plasmonic light analyzer with an elliptical Archimedean spiral structure combining these two structures is put forward for the first time. It shows the capability of identifying the SAM and OAM of the incident light simultaneously.
In this paper, we investigated the properties of the elliptical Archimedean spiral structure with nano-slots as the scattering sources of SPPs. Light with different SAM states can be separated spatially and light with different OAM states generates different SPPs intensity patterns. These analytical results are precisely verified by finite-difference time-domain (FDTD) method. This unique structure may have great potential applications in optical communication technology and offers the possibility of miniaturized nanophotonics devices harnessing angular momentum division. Fig. 1(a) shows the schematic view of our angular momentum analyzer. The structure can be fabricated by carving nano-slots using focused ion beam on a 60 nm thick gold film, which is evaporated on a glass substrate. Light with different spin and orbital angular momentum illuminates the structure normally. Fig. 1(b) gives a front view of the structure where the center O of the structure should coincide with the center of the incident beam in actual application. SPPs are launched at the nano-slots and propagate along the thin gold film. The center P of each nano-slot is located along the elliptical Archimedean spiral. This curve is based on the shape of an ellipse but with a changing semi-major axes a, given by
Structure Design and Analysis
where k is an integer [chosen to be −1 in Fig. 1(b) ], θ is the azimuthal angle, and a 0 represents the distance of the nano-slot at θ = 0 to the center. Although a changes with respect to θ, the focal length c is still set to be a constant along the curve, and the semi-minor axes b is determined by
Thus every point on the curve still satisfies the elliptic equation
and the focal point c 1 and c 2 are still well defined. The structure is designed to operate at λ 0 = 785 nm, and the generated wavelength of SPPs is λ spp = 769 nm [17] . This wavelength is chosen arbitrarily and we can easily obtain a structure working at another wavelength by the same calculations provided in this paper. Fig. 1(c) gives the geometry of the nano-slot. The length and width of a single nano-slot are 200 nm and 60 nm, respectively. The length is chosen to be a small fraction of the SPPs wavelength to avoid undesired interference of SPPs generated at different points of the slot. Also, the size of the slot cannot be too small which will make it inefficient to excite SPPs. The orientation angle α of the nano-slots generate SPPs with geometric phase σ g = sα, where s = ±1 indicates different spin states [18] . The central equation for determining the curve and the orientation angle of the nano-slots is established by requiring the construction interference at the focus c 1 and c 2 under illumination of right-handed circular polarized (RCP) light with l = m and left-handed circular polarized (LCP) light with l = n, respectively. The two equations for RCP and LCP are given by
where the first terms are the phase along the propagation of SPPs, the second terms are the geometric phase originated from the tilt of the nano-slots, and the third terms are the phase difference of π between two sides of the slot [16] . The fourth terms represent the phase brought by the light with OAM value l = m or n, which possess an azimuthal dependent phase of mθ and nθ in the plane normal to its propagation. When the OAM of the incident light deviates from m (for RCP) or n (for LCP), the left-hand side of (3) and (4) become (l − m)θ and (l − n)θ for RCP and LCP respectively, which approximate to (l − m)θ 1 and (l − n)θ 2 when c is small compared to a. The two azimuthal dependent phase terms create vortexes with topological charge j 1 and j 2 at foci c 1 and c 2 . The relation is given by
The z-component electric field of the vortexes are described by a Bessel function
where j stands for j 1 or j 2 , E 0 is a normalization coefficient, and ϕ and r are the azimuthal angle and the distance viewed from the center of the vortex. In this view, (3) and (4) not only describe the construction interference condition of incident light with a specific angular momentum state but satisfy the condition to create plasmonic vortexes with different topological charges as well.
The relationship between semi-major axes a and azimuthal angle θ is obtained by adding (3) with (4), which gives
This is exactly the spiral equation described by (1) . Replacing the r 1 (or r 2 ) back to (3) [or (4)], we obtain the value of α. To give an example, if a LCP light with l = −1 illuminates a structure with m = 1 and n = −2, it should create a focal spot around the right focus c 2 with its topological charge j 2 = l − n = 1, corresponding to the |E z | 2 profile shown in Fig. 1(d) . Similarly, an incident 
Simulation and Discussions
To verify our analysis, we perform a FDTD simulation of our structure. In the simulation, the parameters are chosen to be m = 1, n = −2, the focal length c is set to 1.4 μm, a 0 is set to 6 μm and θ in (8) ranging from 0 to 12π is set for enhancing the intensity of plasmonic vortexes. Fig. 2(a) -(e) show the phase distribution of five different OAM conditions simulated. With a combination of two spin states, ten different situations are simulated and displayed [see Fig. 2(f)-(o) ]. In the simulation, light centered at (0, 0) illuminates the back side of the structure and the near-field intensity at the front side are demonstrated in the Fig. 2(f)-(o) . Fig. 2(f)-(j) show the intensity of E z with RCP incident light, with its OAM value l varies from −2 to 2. Vortex centered at (-c, 0) is generated and its topological charge changes with respect to the OAM of the incident light. The relation between j 1 and l derived before [see (5) and (6)] is verified by observing its intensity pattern. Similarly, Fig. 2(k)-(o) shows the intensity pattern under LCP light with varying l and the relation between j 2 and l can also be verified. For an incident light with unknown angular momentum state, its SAM value s is evaluated first by observing the position of the vortex. Then its topological charge j 1 (for RCP) or j 2 (for LCP) can be estimated by the radius of the vortex. The OAM value l is finally determined by utilization of the relation of l = j 2 − n (for LCP) or l = j 1 − m (for RCP).
To confirm our analysis of our result, the phase of E z from our FDTD simulation is displayed in Fig. 3(a) and (b) . Fig. 3(a) shows the phase of vortex in Fig. 2(l) , with a phase increase of 2π encircling the focus c 2 at (1.4 μm, 0) which corresponds to a vortex with j = 1. A vortex at (−1.4 μm, 0) with a phase increase of −4π encircling its center is shown in Fig. 3(b) , which represents a vortex with j = −2 in Fig. 2(g) . On the other hand, we compare the radius of our simulated plasmonic vortex with the analytical one described by (7) [see Fig. 3(c) ]. The radius here is determined by the maximum intensity of E z field in both cases and a good agreement is achieved. These results confirmed that (5)- (7) provide a precise description of the vortex. 
Conclusion
In conclusion, a compound plasmonic light analyzer based on optical spin-Hall effect and Archimedean spiral is proposed and studied. The proposed structure inherits the property of optical spin-Hall effect by separating light with different spins to different positions as well as maintains the function of Archimedean spiral to generate angular momentum dependent plasmonic vortexes. The relation to read out the value of angular momentum state is described by l = j 1 + m and l = j 2 + n for RCP and LCP, respectively. The structure may provide a route for angular momentum based plasmonic device design in micrometer scale, including coherent inputs of SPPs devices (coherent logic gate, transistor, etc.). It also offers the possibility of comprehensive photon momentum measuring which could be applied in the fields of nano-technology such as quantum information and optical communication.
